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Abstract. The turning circle manoeuvre of a self–propelled tanker like ship model is nu-
merically simulated through the integration of the Unsteady Reynolds Averaged Navier–
Stokes (URANS) equations coupled with the equations of the motion of a rigid body. The
solution is achieved by means of the unsteady RANS solver Xnavis developed at CNR-
INSEAN. The ship model is in its fully appended configuration, and it is characterized by
the presence of two propellers and one rudder. Each propeller is taken into account by a
model based on the actuator disk concept. It is shown that, in order to accurately predict
the trajectory, the side force developed by the propeller should be taken into account;
several models are tested. Comparison with experimental data from free running tests is
provided. The main features of the flow field, with particular attention to the vortical
structures detached for the hull is presented as well.
1 INTRODUCTION
The numerical prediction of the trajectory followed by a self–propelled hull in free
motion represents the sum of all the computational issues that can be met in the naval
hydrodynamics; the main difficulties arises in the accurate evaluation of the hydrody-
namic forces and moments which characterize the dynamic response of the vessels and its
motion. In regard to the mathematical model, the equations of a rigid body motion must
be coupled to the Unsteady Reynolds-Averaged Navier-Stokes (URANS) equations and,
despite their simplicity, some tricky aspects must be carefully considered. For example,
the assignment of a prescribed motion of the rudder with respect to a non–inertial frame
of reference (i.e. the hull in free motion) is not straightforward; moreover, the temporal
integration of the rigid body equations must follow a parent-child logic, in order to avoid
that, for instance, during the simulation, because of the summing up of numerical errors,
the rudder slowly “detach” from the hull. From the numerical point of view, at least
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in the context of RANS solvers for structured grids, like the one used here, a dynamic
overlapping grid method must be implemented in order to let the ship move in a fixed
background or the rudder move with respect to the hull. Moreover, due to the memory
and CPU requirements it would be difficult to obtain reasonably accurate results with a
serial code, and some form of parallelization must be considered. However, in spite of all
these difficulties, simulations performed by means of the numerical solution of the URANS
equations can be surely used for the analysis of both static and dynamic manoeuvres, as
the latest workshops and international conferences [1, 2, 3] have demonstrated.
In this work, the prediction of the free turning manoeuvre of a tanker like ship al-
ready considered in a recent study [4] have been further analysed. In the previous work
satisfactory results have been obtained in terms of trajectory, drift and speed drop in
the stabilized phase of the turning, once a “suitable” lateral force acting in the propeller
plane was added; this approach was necessary, because the simple actuator disk model
used (the Hough and Ordway model [5]), in its original version, provides only the thrust
and the torque.
Detailed measurements of hydrodynamic loads and flow features [6] around a twin screw
frigate type vessel during a steady turn have shown that the side forces generated by the
propeller can be rather relevant (15-20% of the total lateral force), therefore, contributing
noticeably to the total hydrodynamic loads acting on the hull and, consequently, to its
manoeuvring behaviour. It is obvious that the best way to predict these extremely com-
plicated physical phenomena would be achieved by the direct computation of the rotating
propellers, but with an increase of the computational and time resources which could be
rather large. In the case where the detailed resolutions are not required, a conceivable
choice might be the inclusion of simplified semi-empirical models which do not increase
the overall complexity and resource demanding. The latter approach is particularly at-
tractive for the simulation of free running manoeuvres, where even if the effects of the
propeller on the manoeuvring behaviour is of paramount importance, the details of the
flow field around and close to the propeller can be ignored.
In this work, several propeller models are investigated, with particular attention to
the side force developed. The models are based on an actuator disk approach, therefore
the momentum transferred into the fluid by the propeller is taken into account by means
of a system of body forces distributed into a disk of a finite thickness. Two propeller
models are considered, the simply Hough and Ordway model [5], and a model based on
the blade element theory [7, 8, 9]. In the former a lateral force is evaluated by means of
two semi-empirical models: namely the model developed by Ribner [10] and those already
considered in a previous work [4]; in the latter procedure the side force is provided by the
model itself.
2 NUMERICAL METHOD
The numerical solution of the governing equations is computed by means of the solver
χnavis, which is a general purpose simulation code developed at CNR-INSEAN; the code
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yields the numerical solution of the unsteady Reynolds averaged Navier Stokes equations
for Unsteady High Reynolds Number (turbulent) free surface flows around complex ge-
ometries. The main features of the numerical algorithm are briefly summarized for the
sake of brevity; the interested reader is referred to [11, 12, 13, 14] and [15] for details.
The solver is based on a finite volume formulation with conservative variables co-
located at cell centred. The spatial discretization of the convective terms is done with
second order ENO-type scheme. The diffusive terms are discretized with second order
centred scheme. The time integration is done by second order implicit scheme (three
points backward); the solution at each time step is done by pseudo-time integration by
means of Euler implicit scheme with approximate factorization with local pseudo time step
and multi-grid acceleration [11, 13]. The turbulent viscosity has been calculated by means
of the one–equation model of Spalart and Allmaras [16]. Free surface effects are taken
into account by a single phase level-set algorithm [12]. Complex geometries and multiple
bodies in relative motion are handled by a dynamical overlapping grid approach [14].
High performance computing is achieved by an efficient shared and distributed memory
parallelization [15].
3 PROPELLER MODELS
In usual marine CFD simulations the presence of the propeller is taken into account by a
model based on the actuator disk concept, according to which body forces are distributed
in the flow field within a disk of finite thickness. Both axial and tangential forces are
used in the computation in order to simulate both the acceleration and the increase in
swirl that the flow undergoes when passing through the propeller. Such distributions are
obtained by blade loads averaging in both time and space. Time averages are taken over
one period of revolution, whereas space averages are obtained by distributing blade loads
in circumferential direction over the whole propeller disk.
Both axial and tangential body forces depend on the actual velocity field; this results
in the sum of the nominal wake velocity and the propeller-hull interaction velocity, i.e. the
effective wake; the body forces distribution and the velocity field are mutually dependent,
therefore, in order to take into account for the effective wake, an iterative procedure is
required. In this work two models are considered: the simplified Hough and Ordway
model [5] and the “BEMT” model [7], i.e. a model based on the blade element theory.
The first model, in its original version, does not take into account for the hull-propeller
interaction velocity, i.e. is based on the nominal wake. Moreover, the original model does
not provide any side force when the propeller is working in non axial velocity field. In this
work a modified version of the model is tested in order to take into account for both the
axial flow reduction at the propeller disk and the lateral force experienced; two different
semi-empirical model for the side force are tested, these models will be denoted as the
“Hybrid” models.
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3.1 HYBRID MODEL
In this model, the propeller loading is computed following the idea proposed by Hough
and Ordway [5]: given the advance, thrust and torque coefficients (J , Kt, Kq in the
following), the axial, radial and tangential force distributions are computed under the
assumption of an optimal distribution for the circulation.
The original model was modified to take into account both axial flow reduction at
the propeller disk and the side force developed by the propeller. In particular, at each
time step the advance coefficient was estimated by keeping the number of the revolution
constant and by using the instantaneous average axial velocity at the propeller disk in-
flow section. Then, new values of Kt(J) and Kq(J) were computed from the propeller
characteristic curves.
Propeller lateral force caused by non axial-symmetry of the inflow is modelled by means
of two simplified models; in either case the lateral force is estimated to be proportional
to a proper drift angle.
In the former model, already adopted in a previous study [4], the side force is estimated
to be proportional to the thrust T and to the instantaneous angle between the propeller
axis e¯ and the ship velocity −→vG, i.e.
Yp = αT sin β (1)
with
β = arccos
(
−→e ·
−−→vG
|vG‖
)
(2)
and α = 1/3. The side force was supposed to lie in the plane normal to −→e ×−→vG.
The semi-empirical method of Ribner [10] has been considered as plausible alterna-
tive to the previous model. This method is extensively accepted for the evaluation of
aeroplane propeller stability derivatives, despite its application to marine propeller is not
documented in the authors’ experience. However it can provide a reliable preliminary
estimate on propeller lateral force on the basis of theoretical considerations. Propeller
lateral force is computed by means of the following relation:
YP = ksZ
3
4pi
∂CL
∂α
Aside
(1+a)[(1+a)+(1+2a)2]
1+(1+2a)2
1 + ka
3
4pi
∂CL
∂α
Aside
β (3)
where β is the flow angle of attack in correspondence of the propeller disk, a is the
longitudinal induction factor evaluated by momentum considerations, ks and ka are semi-
empirical constant introduced for taking into account hub effects and non homogeneous
distribution of the inflow over the propeller disk and Aside is the blade projected lateral
area; Z is the number of propeller blades. In this case propeller force is the total in plane
force, i.e. the resultant of the lateral and vertical components; the inflow angle is properly
evaluated by averaging the velocity components of the fluid over the propeller disk.
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3.2 BEMT MODEL
In the Blade Element Momentum Theory the propeller is modelled as a series of two
dimensional airfoils independent from each other; lift and drag acting on the generic
section are easily evaluated if two dimensional hydrodynamic properties of the profile are
known (in terms of CL and CD) on the whole range of incidence angles experienced by
the section during a complete blade rotation. Usually, when the propeller is operating
during a manoeuvre, sectional incidence angle can be large and stall (at model scale) and
cavitation phenomena can arise, affecting the total load developed by the blade. If the 2D
section hydrodynamic characteristics are defined for a relatively broad range of incidence
angles, these effects can be partially taken into account and modelled. Therefore, this
model is an attractive alternative for the purpose of analysing propeller behaviour when
operating in an oblique flow. This alternative propeller model in marine CFD simulations
has been considered for numerical simulations of UAV and oscillating captive model test of
a KCS model [8, 9], leading to promising results. In this work the modified BEMT theory
described in detail in [7] has been implemented in the Finite Volume solver. Description
of the model is reported in the cited reference, and will be omitted for the sake of brevity;
however, it has to be emphasised that the critical aspect of the coupling between the
BEMT model in the CFD solver is the treatment of the induction velocity. In particular
the input velocity for the BEMT model should be the one at the infinity of the domain,
i.e. for a propeller working behind the hull, the nominal wake. In order to satisfy this
condition, the induced velocity should be deduced from the instantaneous input velocity
computed by the RANSE solver: in present computations the induced velocity at previous
time step have been subtracted from the inflow velocity at the actual time step. All
propeller forces and moments can be evaluated by this model, and moreover, the radial
distribution of circulation is arbitrarily determined from the instantaneous character of
the inflow.
4 GEOMETRY AND TEST CONDITIONS
Figure 1: Side and bottom view of the
model
A twin screw single rudder tanker-like model is
considered for the numerical simulations (fig. 1); the
model is fully appended with bilge keels, struts, A-
brackets and shafts for two propellers) and a single
rudder. The main non dimensional characteristics
are reported in table 1. For this model an exten-
sive free running test program has been carried out
at the lake of Nemi, and numerical results are com-
pared with those experimental data in terms of tra-
jectory and kinematic characteristics. The data are
shown only in non-dimensional form because of re-
striction on diffusion. All the quantities in the following are non-dimensionalized by a
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reference length L = Lpp and the approach velocity U∞ (at model scale). This gives a
Reynolds number Re = 5.0 × 106 and a Froude number Fr = 0.217. The turning circle
manoeuvre test is carried out at fixed turning rate of the propeller; the propulsion point is
chosen by means of an unpropelled steady state simulation at the given speed with fixed
trim and sinkage.
5 COMPUTATIONAL MESH
The physical domain is discretized by means of a total of 90 body-fitted patched and
overlapped blocks; overlapping grids capabilities are exploited to attain a high quality
mesh and for refinement purposes. The whole mesh counts for a total of 6,166,528 grid
cells. Grid distribution is such that the thickness of the first cell on the wall is always
below 1 in terms of wall units (y+ = O(1) i.e. ∆/Lpp = O(20/Re), ∆ being the thickness
of the cell, Lpp the length between perpendiculars and Re Reynolds number).
Symbol Value
Lpp 1
Speed 1
Displacement 5.0987 10−3
Ixx 1.3183 10
−5
Iyy 3.0199 10
−4
Izz 3.0199 10
−4
Propeller diameter 3.2609 10−2
Number of blades 4
J 0.915
Kt 0.1914
Kq 0.03817
Arud 0.00115
Table 1: Main parameters of the model
in non dimensional form.
It should be noted that instead of generating a fixed
background mesh that covers the whole course of the
hull, a relatively small background mesh that follows
the hull during the motion translating in the horizontal
plane and rotating around the vertical axis with the
model has been generated.
6 RESULTS
In the following paragraphs numerical results will
be presented; the analysis is focused on propeller be-
haviour during the manoeuvre, particular emphasis is
given to the lateral force development and the asym-
metric loads during the stabilized phase. Discrepan-
cies among the traditional Hough and Ordway actu-
ator disk (i.e. without lateral force), “Hybrid” and
“BEMT” models will be discussed. The effect of the
lateral force will be analysed by comparison of the
turning geometric and kinematic characteristic (speed
drop, drift and yaw rate) with respect to the experimental free running manoeuvre. Prin-
cipal features of the complex flow field around the hull during the steady turning phase
will be described, with focus on the complex vortex structures detached from the hull.
It has to be noted that, at moment of writing for the “Hybrid” model which makes use
of the Ribner theory for the estimation of the lateral force, and for the “BEMT” model,
only computations on the medium mesh are available. For the other “Hybrid” model,
finest computations are available from a previous study [4]. Obviously, final conclusions
could be provided once computations on the finest mesh will be ready.
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Figure 2: Trajectory and kinematic parameters; Hough and Ordway model with and without side force
model.
6.1 MANOEUVRE ANALYSIS
In this section numerical results are compared to the free running experimental ma-
noeuvres carried out at the lake of Nemi. Three series of turning circle manoeuvres have
been carried out; among this set, two manoeuvres but one (neglected) are very close to
each other; however, in order to help the comprehension of the figures, only one of them
(Serie III) has been considered as representative of the turning qualities of the ship.
In the reported results t = 0 is the time at which the rudder starts its rotation; the
origin of the earth fixed system of reference is taken as the position of the model at t = 0;
in the analysis which follows, the velocity of the ship is normalised with the velocity at
t = 0, i.e. the nominal approaching speed.
Num. Exp. Err.
Advance 2.98 2.85 4.24%
Transfer 1.00 1.00 0.29%
Tactical 2.51 2.56 -2.08%
Turning 2.58 2.52 2.17%
Table 2: Trajectories parameters.
Numerical simulations presented in [4] have
shown that, in order to achieve an accurate esti-
mation of the turning circle manoeuvre, propeller
lateral forces should be properly accounted for. It
can be evidenced in fig. 2 that the inclusion of the
propeller lateral force (α = 1/3) provide a stabilis-
ing effect that improves noticeably the estimation of
the trajectory and kinematic parameters (absolute
velocity, drift and yaw rate). Comparison of the tra-
jectory parameters with respect to the experimental data (tab. 2) is very satisfactory. It
has to be remarked that these simulation were performed with a fine grid.
In fig. 3 trajectories and time histories of kinematic parameters (normalised with re-
spect to the value assumed at t = 0) computed with the Hough and Ordway without
lateral force (α = 0), with both ”Hybrid” models (α = 1/3 and “Ribner”) and “BEMT”
models are plotted together with the experiment. In this case, a medium grid resolution
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Figure 3: Trajectory and kinematic parameters; comparison between different propeller models.
has been adopted. It can be observed that, in spite of the medium grid computations,
the overall agreement between experiments and numerical results is rather satisfactory.
It is evident that the propeller lateral force improves the course keeping qualities (i.e.
it acts like an additional fin); as the matter of the fact, the resulting turning radius
increases with respect to the simulation with the traditional Hough and Ordway actuator
disk without any lateral force.
α = 0 α = 1/3 BEMT Ribner
Advance 3.06 3.22 3.18 3.23
Transfer 1.02 1.12 1.07 1.11
Tactical 2.50 2.78 2.58 2.67
Turning 2.42 2.90 2.59 2.83
Err% transient 4.68 12.50 9.28 12.16
Err% steady -3.15 11.83 1.78 8.29
Figure 4: Trajectories parameters: comparison between differ-
ent models.
The “Ribner” model provides a
stabilising effect very close to the
“Hybrid (α = 1/3)” in the tran-
sient phase. In the steady phase
the two models differ, the former
one providing a tighter trajectory.
Near the start of the second turn
the “Ribner” trajectory overtakes
the latter, providing similar stabi-
lized parameters (i.e. the turning
radius and the tactical diameter).
Also in this case (medium grid resolution), the original Hough and Ordway model (α = 0)
leads to a tighter manoeuvre with respect to the experiment. The “BEMT” model pro-
vides results similar to the “Ribner” model during the transient phase, whereas it seems
to have a lighter effects on the stabilized phase, i.e. it provides a tighter manoeuvre.
Trajectory geometric parameters predicted by the various models are summarised in
tab. 4; percentage errors with respect to the experiments of transient (advance and trans-
fer) and steady terms (tactical diameter and turning radius) are also reported. It is evident
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that the Hough and Ordway model predicts a sightly higher course keeping abilities, being
the transient terms higher and the stabilized terms lower than the experiments. Obvi-
ously, the inclusion of the lateral force provides a reduction of the manoeuvring qualities
of the ship, increasing both the transient and the steady parameters.
To summarize, it can be observed that, on one hand, the “BEMT” model provides the
best estimation of the manoeuvre in comparison with the experiments. On the other hand,
the “Ribner” model provides a stabilising effect very close to the “Hybrid (α = 1/3)”,
which could be considered the reference data, since it provides an accurate estimation
of the manoeuvre on the finest mesh (see figure 2 and table 2). However, in order to
drawn definite quantification of the reliability of simplified propeller lateral force model,
numerical computations on the finest mesh (i.e. validate results) are mandatory.
Figure 5: Lateral force: comparison be-
tween different models.
In figure 5 propeller lateral forces (left) and lat-
eral force/thrust ratio time histories are reported.
Colours are consistent with previous legend, solid
and dashed lines refer to internal/leeward and exter-
nal/windward propellers, respectively. From these
figures, more insight about propeller behaviour dur-
ing a tight manoeuvre and its contribution to the
ship dynamic response can be achieved. It is worth
noting that both the “BEMT” and “Ribner” models
provide lateral forces for the leeward and windward
propeller in opposite direction; the windward one
provide a stabilising effect and viceversa the lee-
ward one. This apparently unexpected behaviour
depends on the stern fineness characteristics, which
strongly affects the local flow field features. In par-
ticular, in this case the windward propeller expe-
riences a strong oblique flow from the wind to the
leeward side, whereas the leeward propeller experi-
ences an oblique flow from the leeward to the wind-
ward side. The “Ribner” model provides higher lat-
eral forces (as a percentage of the provided thrust)
with respect to the “BEMT” model (20% against
5% on the windward shaft, 7% against 2.5% on the
leeward shaft, respectively); this leads to a more
stable vessel, coherently with trajectory results dis-
cussed above (see figure 3 and table 4). The ”Hybrid (α = 1/3)“ model develops lateral
forces of the same sign because it assumes that the inflow angle with respect to the pro-
peller disk coincides with the hydrodynamic drift of the ship; it is proved, finally, that
the Hough and Ordway model (α = 0) does not develop any lateral force, thus leading to
an underestimation of the ship dynamic stability.
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Figure 6: Thrust and torque: comparison be-
tween different models.
In figure 6 time histories of thrust experi-
enced by the propellers during the manoeuvre
are reproduced. It could be observed that after
the rudder execution the thrust (and torque,
which is not reported) developed by both pro-
pellers increase; this is consequent to the de-
crease of the advance coefficients, due to the
speed reduction experienced by the vessel in the
drift-yaw motion. Moreover, this phenomenon
is not symmetrical, i.e. the external/windward
propeller develops higher loads with respect to
the leeward one, because the wake, and consequently the inflow in correspondence of the
propeller plane, is asymmetrical.
Figure 7: Cross sections.
The Hough and Ordway and
the “Hybrid” models are very sim-
ilar to each other (as it could
be expected), the external and
internal propellers experiencing
an increase in thrust and torque
of about 50% and 40%, respec-
tively. The “BEMT” model pro-
vides different results: the stabi-
lized thrust is almost similar to
the previous values on the exter-
nal propeller, whereas it is no-
ticeably reduced on the internal
one (20%). Finally, a differ-
ent behaviour during the tran-
sient phase between the “BEMT”
and “Hybrid” models can be high-
lighted; for the former, the exter-
nal propeller is more loaded than the internal one, whereas, for the models based on the
Hough and Ordway approach, during the transient phase the internal propeller is more
loaded than the external one. This significant difference should be further analysed as
long as unsteady manoeuvres have to be simulated.
6.2 FLOW FIELD
For the sake of completeness, the longitudinal velocity (during the stabilized phase)
on different cross sections along the hull is presented in figures 7. From the velocity field
on these sections the complexity of the flow field can be highlighted, and the vortical
structures that characterise the flow around the vessel. At x = 0.3 (bow region) the
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generation of a clockwise vortex (seeing from the bow) is observed; this vortex is due to
the cross flow around the bulbous bow, the direction of this transversal flow being from
the inner to the outer side respect to the centre of the trajectory (the lateral velocity due
to the yaw rate overtakes the drift motion, and therefore the net flux at the bow is from
the inner to the outer side); once this vortex is generated, it is driven by the incoming flow,
and therefore it is convected toward the port side. At x = −0.2 two counter-clockwise
vortices detached from the leeward and windward bilges can be observed. These vortices
are convected downstream: the one on the port/leeward side is stronger and it is clearly
observable up to the last section x = −0.486. The vortex on the starboard/windward side
is convected toward the port side and it merges with the intense keel vortex (see section
at x = −0.382); moreover, it can be observed that the windward shaft bossing generates
a further vortex, which is convected downstream. In section x = −0.453 the swirl and
the acceleration caused by the propellers is shown; the interaction between the wakes of
the appendages with the propeller is evident. The flow around the rudder and in its wake
is shown in the last two sections from which it can be seen that the rudder is partially
in the slipstream of the outer propeller. From the sections at x = −0.471, it can be also
observed that the rudder is in the wake of the skeg; this can be also a cause of the strong
inefficiency of the rudder itself. In the last section, a flow separation in the suction side
of the rudder, as well as a tip vortex generated by the cross flow, are evident.
7 CONCLUSIONS
The numerical simulation of the turning circle manoeuvre for a tanker like ship model
has been performed. To this purpose a finite volume RANS solver that couples the Navier–
Stokes equations to the solution of the dynamic equations of a rigid body has been used.
In order to account for the propeller in-plane forces arising during tight manoeuvres, two
alternative propeller models have been developed and included in the numerical solver.
Comparison with experimental results demonstrated that this component should be con-
sidered in order to improve the prediction of the ship manoeuvring qualities. A description
of the flow features characterising the manoeuvring ship has been also presented.
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